ABSTRACT: Solubility of anthracene and phenanthrene in binary mixtures of ethanol þ 2,2,4-trimethylpentane at (298.2, 308.2, and 318.2) K are reported. Five numerical methods were used to predict the solubility of anthracene and phenanthrene in the studied binary solvent mixtures, and the mean relative deviation (MRD) was used as an error criterion. The MRD values for studied solvents are in acceptable range. Anthracene and phenanthrene are two isomeric forms of the simplest tricyclic aromatic hydrocarbon ( Figure 1 ) and were used as model compounds in this work. Phenanthrene has lower molecular total energy, and it is more stable than anthracene according to ab initio studies using molecular orbital method in the gas phase.
) are among the most commonly found PAHs in the environment. 1 Anthracene and phenanthrene are two isomeric forms of the simplest tricyclic aromatic hydrocarbon ( Figure 1 ) and were used as model compounds in this work. Phenanthrene has lower molecular total energy, and it is more stable than anthracene according to ab initio studies using molecular orbital method in the gas phase. 2 Solubility alteration of chemicals is required in many industrial applications, and the solvent mixing or cosolvency is one of the most frequent and feasible methods used in the industry. Using different ratios of the solvents, a wide range of solubility for a given compound can be achieved. The next parameter which could be employed in the chemical industry is the changing temperature of the system which make a significant contribution in solubilization or crystallization of a compound. Finding an optimum solvent composition and the appropriate temperature in solubility investigations is usually obtained by trial and error which is both time-consuming and costly.
' SOLUBILITY MODELS
Numerous predictive models have been introduced to replace the trial-and-error approach or at least reduce the number of required experimental data. 1 One of these models, is the Jouyban-Acree model which correlates the solubility of a solute in binary solvent mixtures at various temperatures.
where X m,T Sat is the solute mole fraction solubility in the mixed solvents at temperature T; x 1 and x 2 are the mole fractions of solvents 1 and 2 in the absence of the solute; X 1,T Sat and X 2,T Sat denote the mole fraction solubility of the solute in monosolvents 1 and 2; and J i terms are the solvent-solvent and solute-solvent interaction coefficients. Our previous results showed that the model could be trained using the experimental data at 298.2 K and be used to predict the solubility at other temperatures of interest with acceptable error. 4 These coefficients could also be computed using a minimum number of experimental solubility data in binary solvents and then be employed to predict solubility at other solvent compositions. To provide trained versions of the model to predict the solubility in binary solvents without employing solubility data in mixed solvents, a number of attempts were made. The binary interaction terms (J terms) have been correlated with the Hildebrand solubility parameters of the solvents and solutes. The reported quantitative structure property relationships (QSPR) using the Hildebrand solubility parameters are:
where δ 1 , δ 2 , and δ s represent the solubility parameter (expressed as (MPa 1/2 )) of solvent 1, solvent 2, and the solute, respectively. The numerical values for the solubility parameters of anthracene, phenanthrene, ethanol, and 2,2,4-trimethylpentane are 19.5, 19.9, 26.6, and 14.0, respectively.
In another attempt, the J terms have been described using Abraham solvent and solute parameters. 6 It is shown that these ( Table 1 ); E is the excess molar refraction, S is the dipolarity/ polarizability, B is the hydrogen bond basicity, V is one percent of McGowan volume, and L is the logarithm of gas-hexadecane partition coefficient of the solute at 298.15 K. 10 The solubilities of anthracene and phenanthrene in binary solvent mixtures have been extensively studied. [7] [8] [9] 11, 12 To the best of our knowledge, there is no reported solubility data for anthracene and phenanthrene in ethanol þ 2,2,4-trimethylpentane mixtures in the literature. The aims of this study are: (1) The solubilities of anthracene and phenanthrene in ethanol þ 2,2,4-trimethylpentane at (298.2, 308.2, and 318.2) K are reported. (6) The applicability of a new approach to predict the density of saturated solutions using the density of solute free solvent mixtures is also evaluated. 13, 14 ' EXPERIMENTAL METHOD Materials. Anthracene (purity 0.96 in mass fraction) was purchased from Fluka, and it was recrystallized several times using 2-propanone and ethyl acetate to yield a purified sample having a melting point of 488 K. Its purity was checked by a thin layer chromatography method, 15 and also the measured solubilities in ethanol and 2,2,4-trimethylpentane were compared with the corresponding data from the literature. Phenanthrene (purity > 0.98 in mass fraction) was purchased from Merck. It was recrystallized for several times using 2-propanone. A thin layer chromatography method 15 and melting temperature determination equal to 372.15 K revealed its purity. Also, solubilities in ethanol and 2,2,4-trimethylpentane are in good agreement with previously published data.
8,10,16-18 2,2,4-Trimethylpentane (> 0.99 in mass fraction) and absolute ethanol (> 0.99 in mass fraction) were purchased from Merck.
Apparatus and Procedures. The binary mixtures of ethanol þ 2,2,4-trimethylpentane were prepared with appropriate mass fractions. The mole fractions of the solvents were computed with the uncertainty of 0.001. The solubility of the analytes was determined by equilibrating excess amounts of the solids with the binary solvent mixtures using a shaker (Behdad, Tehran, Iran) placed in an incubator equipped with a temperature controlling system at (298.2, 308.2, and 318.2) ( 0.2 K (Nabziran, Tabriz, Iran). For assurance of equilibrium, samples were incubated for three days at 298.2 K. After solubility determination and density measurement at 298.2 K, the remaining solutions containing excess solid were placed at 308.2 K for 1 day, and the measurements were carried out; the same procedure was repeated for 318.2 K. The sample solutions were filtered using hydrophobic Durapore filters (0.4 5 μm, Millipore, Ireland) and then were diluted using appropriate solvents (methanol for anthracene and 2-propanone for phenanthrene) for spectrophotometric analyses. Absorbances of the diluted solutions were recorded at 356 nm (for anthracene) and 345 nm (for phenanthrene) using a UV-vis spectrophotometer (Beckman DU-650, Fullerton, USA). Molar concentrations of the diluted solutions were determined from UV absorbance calibration graphs. The molar absorptivities of anthracene ranging from ε = 8177 L 3 mol 
' CALCULATIONS
Computing the Model Constants of Solutes in Ethanol þ 2,2,4-Trimethylpentane. The generated experimental solubility data of anthracene and phenanthrene in ethanol þ2,2,4-trimethylpentane at various temperatures were separately fitted to eq 1, and the model constants were calculated by regressing (ln
2 )/T). Then the calculated solubility data were used to compute the mean relative deviations (MRD) as a criterion of error by
in which N is the number of data points in each set. This numerical analysis was called method I.
Predicting the Solubility of Solutes in Ethanol þ 2,2,4-Trimethylpentane at (308.2 and 318.2) K. The generated experimental solubility data of anthracene and phenanthrene in ethanol þ 2,2,4-trimethylpentane at 298.2 K were separately fitted to eq 1, and the trained models were used to predict the solubility of solutes at (308.2 and 318.2) K, employing the solubility data in monosolvents at these temperatures. Then the MRDs for predicted data points were calculated using eq 11. This analysis is called method II.
Predicting the Solubility of Solutes in Ethanol þ 2,2,4-Trimethylpentane at Various Temperatures Using Hildebrand Solubility Parameters. By using eqs 2 to 4, J i terms of the Jouyban-Acree model for binary solvent mixtures were calculated. The obtained model was used to predict the solubility of solutes at (298.2, 308.2, and 318.2) K, employing the solubility data in monosolvents at these temperatures. Then the MRDs for predicted data points were calculated using eq 11. This analysis is called method III.
Predicting the Solubility of Solutes in Ethanol þ 2,2,4-Trimethylpentane at Various Temperatures Using Abraham
Parameters. By using eqs 5 to 7, J i terms of the Jouyban-Acree model for binary solvent mixtures were calculated. The trained model was used to predict the solubility of solutes at (298.2, 308.2, and 318.2) K, employing the solubility data in monosolvents at these temperatures. Then the MRDs for predicted data points were calculated using eq 11. This analysis is called method IV. Similar procedures could be used to develop a predictive method employing the experimental data in monosolvents and J terms calculated using eqs 8 to 10 (method V). The Abraham solute parameters for anthracene are E = 2.290, S = 1.34, B = 0.280, V = 1.4540, and L = 7.568, and those of phenanthrene are E = 2.055, S = 1.29, B = 0.29, V = 1.4544, and L = 7.632. 11 A summary of methods I to V is listed in Table 2 . 
Predicting the Density of Saturated Solutions at Various Temperatures Using a Trained Model for Ethanol þ 2,2,4-
in which F m,T is the density of mixed solvent system in the absence of a solute and F 1,T and F 2,T are the density of monosolvents 1 and 2 in the absence of a solute at temperature of T. This model was used to predict the density of saturated solutions at various temperatures.
' RESULTS AND DISCUSSION
Mole fraction compositions of the binary solvent mixtures, solubilities of anthracene and phenanthrene, densities of the solute free mixed solvents, and the density of saturated solutions at different temperatures are reported in Table 3 . Each experimental data point is an average of at least three experimental measurements with the measured mol 3 L -1 solubilities being reproducible to within ( 2.7 % and 2.5 % and standard deviations ranging from (σ n-1 = 0.00065 to σ n-1 = 0.00010) mol 3 L -1 and from (σ n-1 = 0.0002 to σ n-1 = 0.0250) mol 3 L -1 , respectively, for anthracene and phenanthrene. The reported solubility data of the solutes from the literature are listed in Table 4 . There are good agreements between generated solubility data in this work with those from the literature. The J i terms of the JouybanAcree model for studied solutes in ethanol þ 2,2,4-trimethylpentane solvent mixtures were calculated using a no-intercept regression analysis and are listed in Table 5 . The MRD values for the predicted solubility using different numerical methods for anthracene and phenanthrene were tabulated in Table 6 . The results showed that the Jouyban-Acree model is well fitted to the generated data with MRD values of 1.1 % and 1.5 %, respectively, for anthracene and phenanthrene (method I). The trained model using solubility data at a constant temperature (i. e., 298.2 K) can be used to predict the solubility at other temperatures ((308.2 and 318.2) K) in which the MRD values of 1.4 % and 1.9 % were obtained for anthracene and phenanthrene. The solubility prediction capability of anthracene and phenanthrene at different temperatures using previous trained models at constant temperatures (methods III to V) are 11.8, 6.8, 27.6, and 14.2, 4.4, and 24.6, respectively. Figure 2 illustrated the predicted solubility of anthracene in ethanol þ 2,2,4-trimethylpentane at different temperatures using methods III to V. The correlation coefficients of methods III to V are 0.7773, 0.7949, and 0.7078, respectively. The closer correlation coefficient to 1.0000 means more accurate predicted solubilities by the method, and concerning this, method IV provided the best predictions followed by methods III and V. The slope of the no-intercept linear equation between predicted and experimental values could be considered as another criterion. The slopes for methods III, IV, and V are 1.0211, 1.1548, and 1.3967, respectively, in which the ideal value for the slope is 1.0000. Considering this criterion, prediction performance of the method III is better than method IV, followed by method V. A similar plot for phenanthrene data was shown in Figure 3 , in which the correlation coefficients for methods III, IV, and V are 0.8800, 0.9465, and 0.8076, respectively. The corresponding slopes are 0.8572, 1.1184, and 1.3620. These findings are in agreement with the MRD values reported in Table 6 . These results show that trained model using water to solvent Abraham coefficient (method IV) provide more accurate predictions for the reported solubility data in this study. The densities of the solute saturated solution were predicted using eq 12 and experimental F 1,T and F 2,T of the saturated solutions. The results show that MRD values of eq 12 for predicting densities of anthracene and phenanthrene in ethanol þ 2,2,4-trimethylpentane mixtures at various temperatures are 0.5 % and 0.9 %, respectively. As a conclusion, the solubility prediction of drugs and chemical compounds such as PAHs in solvent mixtures at different temperatures is very important in chemical and pharmaceutical sciences. Solubilities of two PAHs were reported in a binary solvent mixture at various temperatures, and the results of the numerical analyses revealed that previous QSPR models can be extended to solubility prediction at different temperatures.
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